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Energetic status of the cell is one the most important factors of its
normal physiological functioning. Meanwhile its experimental eval-
uation is not always possible and reasonable due to high costs and
invasiveness. Theoretical description of ATP production in the cell
can be possible using existing data about the structure, functioning
and spatial distribution of energoproducing systems. The FoF1-
ATPsynthase is one of the key enzymes in energy supplying in almost
all living systems. This enzyme is an attractive research target due to
its high mechanical complexity. Nevertheless, some key issues
regarding energy conversation during the FoF1-ATPsynthase catalytic
cycle are still unclear.
The issue of rotational catalysis convertibility arises in the step that
describes the rotormovement and proton translocation. This is one of the
features that causes difﬁculty in the creation of a universal model of ATP
synthesis. In this work, we provide a theoretical description of FoF1-
ATPsynthase catalytic cycle using combined mathematical ap-
proaches. Thus, the mechanism of Fo can be nominally described as
the complexity of the rotation of protein subunits and proton
translocation through membrane half-channels, which is an obliga-
tory step in the transformation of the accumulated energy. The
description of the above processes can yield the time of proton
translocation and the mechanism of energy transformation and its
transition to ATP-binding sites. Langevin dynamics is used for the
rotation of the central protein core and the Monte-Carlo method
helps to model nucleotide and proton binding. This approach is the
ﬁrst in which both ATP synthesis and hydrolysis can occur depending
on the nucleotide concentration and system conditions. The calculat-
ed rates are close to the experimentally measured rates of ATP
functioning. The model has been formalized as a computer simulation
Program of ATP Synthesis and Hydrolysis (PASH) that allows
researchers to evaluate ATP production both for one enzyme and for
dirrefent types of cells. Flexibility of parameter settings in synthesis
and hydrolysis of active enzymes and their regulation allows
universal application of this approach in the evaluation of cell
energetic status.
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F-type ATP synthases typically harbor c-subunits of approximately
8-9 kDa that form oligomeric rings of 8-15 monomers with one ion-
binding site per subunit. Each c-subunit in the ring forms a hairpin-
like structure in the membrane with an innerα-helix, a cytoplasmatic
loop and an outer α-helix. The membrane rings in eukaryotic V-type
ATPases and archaeal A-type ATP synthases often have analogous but
duplicated c-subunits with four instead of two transmembrane
α-helices, harboring either one or two ion-binding sites per subunit.
The anaerobic, acetogenic bacterium Acetobacterium woodii has a
Na+-driven F-type ATP synthase, which contains a unique rotor
composed of c-subunits of both types and transmembrane topologies.
The enzyme is encoded by an atp-operon comprising 11 genes
(atpIBE1E2E3FHAGDC) with three genes coding for two different
c-subunits: atpE1 codes for a duplicated c-subunit, c1, whereas atpE2
and atpE3 code for single hairpin c-subunits, c2 and c3. We solved the
structure of the A. woodii c-ring by X-ray crystallography at 2.4 Å
resolution. This high resolution structure conﬁrms earlier indications
that this c-ring consists of c1:c2/3 subunits in a 1:9 stoichiometry. All
c2/3-subunits (single hairpin) exhibit a Na+-binding site. A conserved
glutamate residue in the locked conformation, halfway along the
outer helix, three other carbonyl/hydroxyl groups and a water molecule
are involved in Na+-coordination. Interestingly, the c1-subunit
(double hairpin) contains only one Na+-binding site, of identical
make-up. In the second site, a glutamine replaces the conserved
glutamate, and prevents Na+-binding. Hence, the c-ring from the A.
woodii ATP synthase carries 10 sodium ions across the membrane per
360-degree rotation. Similar to some of the V-type c-subunits, the c1-
subunit has an N-terminal extension, which is also visible by atomic
force microscopy. In summary, we present the ﬁrst atomic-resolution
structure of a heteromeric ATP synthase ring with intriguing
mechanistic implications.
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ADP-inhibition is well known phenomenon common to all F1-
ATPases so far examined. The entrapment of ADP-Mg at catalytic sites
stops catalytic turnover. The inhibition by the ε subunit is also known
as a commonmechanism among F1-ATPases from bacteria and plants.
The ε subunit inhibits ATPase activity of F1-ATPase by changing its
conformation. Both of the inhibitions may concern with the
regulation of ATP synthase. It has not been settled if inhibition by
the ε is due to the stabilization of ADP-inhibition [1, 2] or not [3].
Since both inhibit ATPase activity, it is difﬁcult to distinguish
which inhibition is responsible for the inhibition at the particular
moment.
We have constructed overexpression systems of α3β3γ complex
and ε subunit of F1-ATPase from Bacillus subtilis (BF1), and performed
kinetic characterization of α3β3γ complex (BF1(-ε)) and recon-
stituted α3β3γε complex (BF1(+ε)). The ADP-inhibition of BF1 was
so strong that it was activated more than ×100-fold by the addition
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